Abstract. The purpose of this study is to investigate the formation of the water droplet in oil using T-junction microfluidic device. Both numerical and experimental methods have been implemented to investigate the dependence of droplet size versus the flow rate of two immiscible liquids as well as the system geometry. The microfluidic system was fabricated with lithography technique. The 3D simulation was performed based on COMSOL software using level set method. The size of droplet is inversely proportional to the flow rate of continuous phase according to exponential function, linearly proportional with the flow rate of dispersed phase, and the width of lateral channel decrease. While the decreasing of the width of the lateral channel gives rise to the increasing of droplet velocity, the velocity of droplet depends linearly on the flow rate of disperse phase. A good consistence was observed between the theory and the experiment.
I. INTRODUCTION
Droplet microfluidic with faster reaction rate, less cross-infection and reduced sample volume, has been growing strongly for two decades [1] . The microdroplets are widely applied in bio-chemical analysis and electronic microsystems [2, 3] . Droplet-base microfluidic holds huge potential in drug discovery due to its advantages such as consuming a few microliters of sample, ability to control droplet size, and requiring only a small number of cells. Typically, aqueous samples containing biological material such as cells, DNA, bacteria, and molecules can be encapsulated into droplets.
There are common types of emulsion including oil in water (e.g. milk), and water in oil (e.g. butter). Most of cosmetic products are water in oil emulsions. It forms the base for dry/sensitive skin treatments due to its milder nature and ability to leave the skin's lipid bilayer intact. Several microfluidic geometries have been developed to synthesize uniform droplet, including T-junction geometries [4] [5] [6] , flow-focusing geometries [7] [8] [9] , co-flowing geometries [10] [11] [12] . T-junction microfluidic, a common structure, was first demonstrated in 2001 by Thorsen [13] in which water droplets were formed with pressure controlled laminar flow in microchannel. The authors proposed that dynamic formation of droplet is dominated by a balance of tangential shear stress and interfacial tension. Since then many studies about T-junction geometries were reported [12, 13, 16, 17] . Some of them (the reports) claimed a dependence of droplet size on flow rate of two liquid [13] , relative viscosity between the two phases [15] , and size of the channels [14] . Several methods have been developed for simulation of droplet formation, including the fractional volume of fluid (VOF), the phase-field method, the lattice Boltzmann method (LBM), the level-set method (LSM), etc. . . . Sang et al. [18] used VOF to investigate effect of viscosity on droplet formation and found a good agreement with the LBM simulation of Van der Graaf et al. [16] . The droplet size, in his report, was almost stable as the contact angle great than 165 0 . De Menech et al. [19] studied the dynamics of droplet breakup in a symmetric T-junction with low Reynolds and capillary numbers using the phase-field method. The LSM has become popular method for compressible and incompressible two-phase flow, image processing and flame propagation study. In the level set method, the interface is described by the contour of a smooth function. Here, we use a conservative level set method for two-phase flow. The fluid interface is defined by the 0.5 contour of the level set function.
In this work, a dependence of microdroplet size on flow rates of the two immiscible fluids and influence of the width of the lateral channels on the droplet formation will be discussed. PDMS-base T-junction microfluidic systems, for droplet formation, were then fabricated by photolithography technique. A T-junction model can be built using the Laminar Two-Phase Flow and Level Set interface. The model uses the predefined wetted wall boundary condition at the solid walls, with a contact angle of 135˚.
II. METHODS AND MATERIALS
II.1. Chemicals SU-8 25 was purchased from MicroChem (Newton, MA, USA), a pre-polymer solution of polydimethylsiloxane (PDMS), KE-1300T, were purchased from Shin-Etsu Chemical (Tokyo, Japan). 1, 6-Bis (acryloyloxy) hexane was purchased from Tokyo chemical industry (Japan) and poly (vinyl alcohol) was purchased from Wako Pure Chemical Industries. Figure 1 illustrates the geometry of T-junction of which the uniform depth h, the width of center channel w c and lateral channel w d are arranged in a planar structure. Oil (as continuous phase) is pumped through the center channel with at a rate Q c , while the dispersed-phase (water) is pushed through the lateral channel at a rate Q d . The syringe pump was used to control the flow rate of aqueous and oil solutions. The depth of the channel (h) and the width of center channel (w c ) are fixed at 70 µm and 100 µm, respectively. The width of the lateral was varied from w d = 25 to 100 µm (Table 1) . 
II.2. Microfluidic system design

II.3. Fabrication of T-junction
Photolithography techniques were used to fabricate the SU-8 mold (Fig. 2 A) . The processes are below described:
Step 1: Clean the wafer (7.62 cm diameter) with H 2 O 2 and NH 3 solution then put it to oxygen plasma treatment.
Step 2: Spin coating SU-8 25 at 500 rpm for 5 s, slope 5 s, and then 800 rpm for 10 s.
Step 3: Soft bake the sample at 65 0 C for 5 min and 95 0 C for 60 min then cool down for 10 min.
Step 4: Expose the sample to UV light for 200 s with polarizing plate.
Step 5: Post-bake the sample at 65 0 C for 5 min and then 95 0 C for 10 min.
Step 6: Develop the sample with SU-8 developer for 15 min.
Step 7: Rinse the sample with IPA and dry with nitrogen.
Step 8: Hard baking (optional). 2 (B) shows the process of fabrication of PDMS-base T-junction microfluidic device. T-junction channel was formed by pouring PDMS (polydimethylsiloxane) at a ratio of 10: 1 precursor to curing agent over SU-8 25 mold. The mixture solution was degassed by vacuum desiccator for 60 min. PDMS mixture was baked at 80 o C for 30 min. PDMS channel and glass substrate were put into the oxygen plasma chamber in 15 s, the pressure was 30 Pa, and the power was 20 W. After the plasma treatment, PDMS microchannel was bonded onto glass substrate within 1 min, followed by heating at 70 0 C in 2 hours.
II.4. Fluids Selection
Droplet formation were conducted with a 2 wt % poly (vinyl alcohol) aqueous solution as the to-be-dispersed phase and 1,6-Bis(acryloyloxy) hexane as the continuous phase. The physical properties of two liquids are shown in Table 2 . 
II.5. Experimental setups
Both dispersed and continuous phases were pumped from gas-tight syringe (MDN-0100, 1.0 ml) through the tube connect to the inlets. The flow rate of fluids is controlled by syringe pumps (BS-MD1020, AS ONE). An optical microscope (IX73, Olympus Optical Co. Ltd., Japan) equipped with a CCD camera (Watec, Japan) was used to observe the droplet formation at the T-junction. The length of droplet was measured by counting pixels.
II.6. Simulation method
The key equations for the dynamics in the current problem [20] are the incompressible Navier-Stokes (1), continuity (2), and level set equation (3):
where ρ denotes density (kg/m 3 ), u is velocity (m/s), t is time (s), I is the identity matrix, µ is dynamic viscosity (Pa·s), p is pressure (Pa), and F st is the surface tension force acting on the interface between two fluids (N/m 3 ); γ and ε are numerical stabilization parameters. The parameter ε, for determining thickness of the interface is constant in the total domain. The parameter γ is reinitialization of the level set function and it keeps the interface thickness constant. The effective diameter of droplet can be obtained using the following expression:
where d eff is the effective diameter of droplet, Ω represents the left most part of the horizontal channel. Figure 3 is a scanning electronic microscopic image of micro channel on PDMS. The shape of the fabricated T-junction is confirmed to be matched with design. The depth and width of channels' edges are clear, and sharp without any significant defect. The PDMS channels were bonded onto glass through plasma oxygenated surface. The channel leakage was tested by pumping a colored liquid sample through channel under pressure of 2 atm. As seen in Fig. 4 no liquid leakage is observed and the device was ready for droplet formation. 
III. RESULTS
III.1. Fabrication of T-junction microfluidic devices
III.2. Droplet formation in T-junction
This process was performed in a rectangular T-junction microfluidic channel. Simulation results are compared with experiment results obtained for the same geometry of the channel. The snapshots of droplet formation are illustrated in Fig. 5 . The flow rate of the continuous phase and the dispersed phase were set 4 (µL/min) and 1 (µL/min) respectively. At 0.07 second, the water droplet was developed but partly attached to bounding-edge of channel, Fig. 5 (A) and stretched out the bounding edge to form a semi-droplet shape at 0.09 second under the pressure of continuous (phase) current, Fig. 5 (B) and then released into lateral channel at 0.11 second, Fig. 5 (C) . A new formation circle was restarted after removal of droplet. The observed length of droplet is a bit longer than that in simulation results. It can be explained by an oil adsorption in PDMS that narrows PDMS channel and flattened droplet [21] . 6 illustrates the three-dimensional process of droplet generation. At t = 0.06 second, dispersed phase began to penetrate main channel, Fig. 6 (B) , then the water droplet is stretched out to form a semi-droplet shape at 0.08 second, Fig. 6 (C) . A completed droplet was formed and released into the channel at 0.095 second, Fig. 6 (D) . Then a new cycle was repeated, Fig. 6 (F) .
III.3. Dependence of droplet size on the flow rate of channel and system geometry At fixed Q c = 4 µL/min, droplet size exhibited a linear dependence with the flow rate of dispersed phase (Q d ) as Q d varies from 0.5 to 5 µL/min, in both simulation, Fig. 7 (A) , and experimental results, Fig. 7 (B) . The dependence of the droplet length on the fixed oil flow rate (Q d = 3 µL/min) is presented in Fig. 7 (C,D) . The size of droplet is inversely proportional to the flow rate of oil by exponential function. The same range of obtained droplet length as well as dependent tendency of the droplet length on the flow rates of continuous and dispersed phases were found in previously publication of Garstecki et al [14] . Similarly, the flow rate of liquid in each channel was fixed while changing channel size. The dependence of droplets' lengths on channel size as well as flow rate of channels is depicted in Fig. 7 . From the observation results, the droplet size was closely proportional to the width of lateral channel. When Q c is kept constant, droplet size is first order and linear function of the flow rate, Fig. 7 (A,B) . In case, one fixed Q d , such relation is non-linear, Fig. 7 (C,D) . Figure 7 also exhibits that the size of formed droplet is inversely proportional with the width of lateral channels.
We can see that, simulation results ( Fig. 7 (B,D) ) have the same rules as the experimental results (Fig. 7 (A,C) ). This confirms that the experimental results obtained are reliable and the theoretical model used in simulation is suitable in this experiment. These results are very important in system design to fabricate desired microdroplets. A diverse range in size of the droplets (100 to 1400 µm in length) makes this technique advantage in applications from cell to drug encapsulation. This study is an initial step for us to conduct further research, as for example, in drug release study, a medicine is encapsulated by a solid membrane. The drug release depends on the size of the droplet and membrane properties.
III.4. Velocity of droplets
Droplet velocity was calculated by analyzing consecutive images of the droplets passing through the T-junction channel. The droplet displacement between each sequent image pair was computed, as shown in Fig. 8 . The velocity of droplet was calculated using the following expression: As shown in Fig. 9 , the velocity of droplet increases with the flow rate of dispersed phase and the width of lateral channel in both experiment and simulation that matches well with Bernoulli's principle.
IV. CONCLUSION
Formation of microdroplet in T-junction microfluidic system has been studied in both experiment and simulation. PDMS-based microfluidic systems were fabricated using photolithography and soft lithography. The simulation of the formation in T-junction channel of water droplet in oil have been carried by using a level set method. A nice matching between theoretical calculation and empirical result confirmed a right simulation model for droplet formation. The droplet size varies from 100 µm to 1400 µm. The droplet size increases linearly with the flow rate of dispersed phase (Q d ) and decreases according to the exponential function with the continuous phase rate (Q c ). Similarly, when the width of the lateral channel increases, size of the droplet fabricated increases. While the width of lateral channel is proportional inversely to the droplet velocity, the velocity of droplet exhibited a linear dependence on the flow rate of disperse phase. These results are very important to fabricate microdroplets on-demand with high precision. In addition, control of droplet size is first requirement to fabricate microcapsules that encapsulate biological materials or drug, a very hot topic in both research and applications.
